1. Introduction {#s0005}
===============

Infectious bronchitis (IB) was first described as a respiratory disease affecting chicks in the US in 1931 as an acute and highly contagious viral disease, and continues to cause major economic loss within the poultry industry worldwide [@b0005], [@b0010], [@b0015]. As a result of the damage to the respiratory system, the clinical signs of this disease include depression, coughing, head-shaking, as well as nasal and ocular discharge [@b0005]. Since the virus causing IB replicates in many non-respiratory epithelial surfaces (e.g., kidney and gonads), nephritis, reduced egg production, and egg quality is also observed [@b0010], [@b0015].

The causative agent of IB is infectious bronchitis virus (IBV), a non-segmented, positive-sense, single-stranded RNA virus, which belongs to the genus *Gammacoronavirus*, family *Coronaviridae*, in the order *Nidovirales* [@b0020]. The full length RNA genome of IBV is 27.6 kb in length and encodes non-structural proteins, four accessory proteins, and four structural proteins (spike \[S\], matrix \[M\], nucleocapsid \[N\], and envelope \[E\]). The S protein is cleaved into S1 and S2 as two subunits at the S1/S2 cleavage site. The S1 protein contains the receptor-binding domain and mediates viral attachment to host cells, whereas S2 is responsible for membrane fusion [@b0025], [@b0030].

Errors generated during the genomic replication of IBV and the selective pressure following the use of live attenuated vaccines or multiple infections with different IBV serotypes has led to the emergence of numerous IBV variants [@b0035], [@b0040]. In particular, small change as little as 5% in the amino acid composition of S1 gene may lead to alteration in cross protection among closely related serotypes [@b0045]. In China, IBV was first observed during the early 1980s, and outbreaks have since been frequently reported [@b0035]. The QX-like genotype is thought to have originated during the mid-1990s and continues to be the predominant strain, whereas the LDT3, 4/91, and Taiwan subtypes have also recently been frequently isolated in China [@b0050], [@b0055], [@b0060], [@b0065]. Severe nephritis, false layer syndrome, and high mortality are observed in chickens infected with this viral genotype, which represents a major problem in the poultry industry, particularly in China.

Using a live attenuated or inactivated vaccine is typically considered to be the most cost-effective means of controlling viral infections [@b0070]. Unfortunately, inactivated IB vaccines are not effective if used alone, which could induce little or no protection against egg loss [@b0075], [@b0080], as well as impaired ciliary activity in the trachea [@b0085]; thus, birds must continue to be given one or a series of vaccinations with live attenuated IB vaccines to provide broad heterologous protection [@b0005]. Commercial attenuated live vaccines used against IBV in China include the H120, LDT3, and 4/91 strains [@b0035]; however, phylogenetic analysis indicates that the QX-like genotype is genetically distant from the strains described above, which may explain the poor cross-protectivity against infection in chickens immunized with these classical vaccines [@b0090], [@b0095]. Recently, there has been increasing research on live attenuated vaccines against the QX-like IBV strains. Different strains of QX-like IBVs were serially passaged in embryonated eggs or primary chicken kidney cells (CK) to obtain vaccines that are less virulent and exhibit high immunogenicity against the QX-like epidemic IBV strains [@b0100], [@b0105], [@b0110], [@b0115], [@b0120]. However, in addition to causing tissue damage or secondary bacterial infections in young vaccinated chicks [@b0125], [@b0130], live attenuated vaccines of RNA viruses may not be genetically stable or they may be associated with the tendency to revert back to a virulent form [@b0045], [@b0070]. Moreover, the potential for recombination between vaccine and virulent strains can lead to the creation of new virulent virus [@b0135]. Furthermore, it takes a substantial amount of time to prepare a extensively passaged attenuated vaccine strain, which may not be able to effectively solved the loss problem caused by the rapid variation exhibited by prevalent strains on the flocks.

In considering the limitations of the live attenuated and inactivated IBV vaccines, reverse genetic IBV vaccines have been developed in recent years as they display increased safety and efficacy [@b0140], [@b0145], [@b0150]. As reverse genetic technology is primarily based on the H120 and Beaudette strains [@b0155], [@b0160], [@b0165], both of which are passage-generated attenuated strains, the mechanism of virus virulence attenuation remains unclear, thereby posing difficulties in the development of attenuated vaccines using this technology. In addition to the function of host invasion and increasing genetic diversity, the IBV S1 subunit can induce virus neutralizing and cross-reactive antibodies [@b0170]. Therefore, some researchers have created an attenuated IBV vaccine by replacing the S1 or S genes from other virulent strains using reverse genetic technology to generate protection against strains of the corresponding serotype [@b0025], [@b0140], [@b0150]. In the present study, we constructed a recombinant strain, using the reverse genetic system. rH120-S1/YZ is based on the backbone of the vaccine strain H120, and the S1 gene was replaced with that of the QX-like nephropathogenic strain, ck/CH/IBYZ/2011, which was isolated in China. Our results demonstrate that this recombinant strain is safe and provides effective protection in young chickens against QX-like IBV challenge.

2. Materials and methods {#s0010}
========================

2.1. Vaccine and viruses {#s0015}
------------------------

The H120 vaccine strain is currently a widely used vaccine strain, created from 120 serial passages of the H strain isolated in 1956. The ck/CH/IBYZ/2011 strain (referred to as IBYZ, GenBank KF663561.1) used in this study is classified as a QX-like IBV isolated from a flock presenting with IB symptoms by our research group in 2011 in Jiangsu Province, China. Both of these strains were recovered from a full-length clone using reverse genetics, as previously described [@b0175], [@b0180].

2.2. Eggs and animals {#s0020}
---------------------

Fertilized specific pathogen free (SPF) chicken embryos were obtained from Beijing Merial Vital Laboratory Animal Technology Co., Ltd. (Beijing, China) and hatched in our lab (Lab of Chicken Infectious Disease Protection and Control, Poultry Institute, Chinese Academic of Agriculture Sciences, Yangzhou, China). For hatching, one-day-old SPF chickens from the SPF chicken embryos as described previously were incubated at 37 °C in a relative humidity of 55--65%. All chickens were maintained in isolators under negative pressure, and food and water were provided ad libitum.

2.3. Construction of recombinant rH120-S1/YZ {#s0025}
--------------------------------------------

The rIBV rH120-S1/YZ strain used in this study is described in the schematic illustration presented in [Fig. 1](#f0005){ref-type="fig"} . The genome RNA was synthesized in vitro by T7 RNA polymerase and transfected into BHK-21 cells, as previously described [@b0175], [@b0180]. The cell supernatants were harvested 48 h following transfection and propagated in 10-day-old SPF chicken embryos. The allantoic fluid was harvested for RT-PCR, whole genome sequencing, and was then stored at −80 °C until further use.Fig. 1Schematic diagram for the construction of the chimeric S gene and production of a full-length cDNA of rH120-S1/YZ. (A) Replacement of the H120 S1 fragment by the corresponding sequence of IBYZ for construction of pYZS1H120S2. The plasmids pIBYZS and pH120S contained the S gene of IBYZ strain and H120 strain, respectively, were constructed during the establishment of reverse genetic system. Primers PS1F and PS1R were used to amplify the S1 fragment of IBYZ and vector fragment, while primers PS2F and PS2R were used to amplify the S2 fragment of H120 strain. By overlapping PCR, the pYZS1H120S2 was constructed which contained a chimeric S gene. (B) Strategy for the construction of full-length cDNA clones of rH120-S1/YZ. Ten cDNA fragments covering the entire genome of H120 strain was amplified by RT-PCR. Unique *Bsa* I sites were inserted at the junctions between each clone, a unique T7 start site was inserted at the 5′ end of clone TM1, and a 28-nucleotide T tail was inserted at the 3′ end of clone TM10. The S fragment in the pMDTM8 plasmid of H120 strain was replaced by chimeric S gene. By using appropriate ligation strategy, the genomic cDNA of rH120-S1/YZ was assembled by in vitro ligation using appropriate restriction sites as indicated.

2.4. Chicken embryo dwarf assay {#s0030}
-------------------------------

To determine the recombinants' pathogenicity in chicken embryos, 0.2 mL of rH120, rIBYZ, or rH120-S1/YZ virus (diluted to 1:100 in normal saline) was inoculated into the allantoic cavities of five 10-old-day embryonated SPF chicken eggs, respectively. Chick embryo lesions were examined for lesions at 144 h post-inoculation at 37 °C.

2.5. Growth kinetics in chicken embryos {#s0035}
---------------------------------------

To examine the viral growth ability in chicken embryos, a real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) method was established. According to the sequences of IBV from GenBank, primers were designed based on conservative area in the 5′-UTR. The upstream primer was 5′-CCGTTGCTTGGGCTACCTAGT-3′, and the downstream primer was 5′-CGCCTACCGCTAGATGAACC-3′. The amplification product was cloned to pMD18-T vector (Takara) as a positive plasmid and its concentration was measured. A gradient dilution of 5 × 10^2^--5 × 10^8^ copies/μL of the plasmid was used as template for quantitation test. By plotting the cycle threshold (CT) values against the copies of the plasmid, the standard curve was generated.

18 10-day-old embryonated SPF chicken eggs (six eggs/group) were inoculated with rH120, rIBYZ, and rH120-S1/YZ at a dose of 10^7^ viral RNA copies/100 μL, and used for growth curve experiments. The allantoic fluids were collected separately by syringe from the six inoculated embryonated eggs of each group at 12, 18, 24, 36, 48, 72, 96 h per inoculation. RNA was extracted from the allantoic fluids using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. cDNA was obtained by reverse transcription using a PrimeScript RT Master Mix Perfect Real Time Kit (TaKaRa, Otsu, Shiga, Japan). The viral copies were measured by absolute quantitative method of Real-time PCR, which was performed using SYBR® Premix Ex *Taq*™ II (TaKaRa, Otsu, Shiga, Japan) on an Applied Biosystems 7500 Fast Real-time PCR System. The standard curve was plotted against the log of the template copy number. All of the assays were run in triplicate and the copy number of each virus was calculated according to the standard curve.

2.6. Titration of rIBVs in embryos {#s0040}
----------------------------------

Serial 10-fold dilutions from 10^5^ copies to 10^9^ copies per 0.1 mL of virus of the recombinant strain, rH120-S1/YZ, and its parental strains (rH120 and rIBYZ) were inoculated into the allantoic cavity of 10-day-old embryonated SPF chicken eggs. For each dilution, 0.1 mL of the virus solution was injected into each egg and 10 eggs were used for each dilution. PBS was used as a negative control. After a 24 h incubation, the dead embryos were considered nonspecific deaths and discarded. The embryos were examined for the presence of specific lesions caused by the virus after a 144-h incubation. Dead and live embryos that displayed IBV infectious signs (e.g., dwarfing, curling, and stunting) were considered positive samples. The 50% embryo infectious dose (EID~50~) of these rIBVs was calculated using the Reed-Muench method [@b0185].

2.7. Safety testing {#s0045}
-------------------

### 2.7.1. Assessment of pathogenicity in one-day-old SPF chickens {#s0050}

The chickens were separately housed in isolators under consistent conditions, and food and water was provided ad libitum. A total of 120 one-day-old SPF chickens were randomly divided into four groups (n = 30 per group). The chickens in the experimental groups were intranasally inoculated with 200 μL allantoic fluid per chick containing 10^5^EID~50~ of the rH120, rIBYZ, and rH120-S1/YZ strains. The control group (n = 30) was inoculated with 200 μL sterile PBS via the same route. The morbidity and mortality was followed-up for 14 days. All experimental groups were monitored daily for clinical signs related to IB infection for 14 days post-infection (dpi), including coughing, sneezing, and tracheal rales. Dead chickens were examined for gross tracheal, lung, and kidney lesions.

### 2.7.2. Tissue tropism of early viral infection *in vivo* {#s0055}

A total of 100 1-day-old SPF chickens were assigned to four groups (n = 25 per group). The birds were inoculated with 200 μL allantoic fluid containing 10^5^ EID~50~ of the rH120, rIBYZ, or rH120-S1/YZ strains, respectively via eye drop and the intranasal route and 200 μL PBS per chick was administered to the control group (n = 25) via the same route. The tracheas, lungs, kidneys, and bursa from the 5 inoculated birds per group were harvested at 1, 3, 5, and 7 dpi, weighed, and collected into 1 mL PBS per sample and frozen at −80 °C. After grinding the samples, the viral RNA was extracted using TRIzol, and the cDNA was obtained by reverse transcription using a PrimeScript RT Master Mix Perfect Real Time Kit (TaKaRa, Otsu, Shiga, Japan). The viral RNA copies from each of the different samples were detected by real-time PCR as described above. All assays were run in triplicate and the copy number for each virus was calculated according to the standard curve.

### 2.7.3. Histopathology {#s0060}

After inoculation with 10^5^ EID~50~ dose of the rH120, rIBYZ, and rH120-S1/YZ strains, three infected chickens per group were randomly selected to be euthanized by bleeding, and the tissue pathology was examined in the different groups at 3, 5, 7, 10 dpi. The tracheas, lungs, kidneys, and bursas of three dead or other randomly-selected chickens from the experimental and control groups (inoculated with PBS) were collected at 5 or 7 dpi and further processed for histopathology. The samples were fixed in formalin, embedded in paraffin, cut into 5 μm sections, and stained with hematoxylin and eosin. The slides were examined under light microscopy for the presence of lesions.

### 2.7.4. Viral shedding {#s0065}

To determine the level of viral shedding of the different recombinants, 10 birds per group were inoculated with 200 μL allantoic fluid containing 10^5^ EID~50~ of the rH120, rIBYZ, or rH120-S1/YZ strains, respectively. 200 μL PBS per chick was administered to the control group via eye drop and the intranasal route. . Oral and cloacal swabs were collected from each bird into 1 mL PBS at 7, 14, 18, 22, 26, and 30 dpi and stored at −80 °C. After freezing and thawing three times and centrifuging at 8,000 × *g* for 5 min at 4 °C, relative amount of virus present in 200 μL of supernatants of each sample was quantified by RNA extraction, reverse transcription, and real-time PCR as described previously.

2.8. Efficacy of rH120-S1/YZ vaccination {#s0070}
----------------------------------------

### 2.8.1. Viral challenge {#s0075}

In total, 30 one-day-old SPF chickens were divided into three groups of 10 chickens. The three groups were intranasally vaccinated with the rH120 and rH120-S1/YZ strains at a dose of 10^4^ EID~50~/200 μL, and the control group received PBS. Two weeks post-vaccination, the chickens in each group were challenged with the QX-like strain, rIBYZ, at 10^6^ EID~50~/200 μL via eye drop and the intranasal route. Any clinical signs, as well as the percentage of morbidity and mortality were recorded for 14 days. The dead chickens were also examined for gross tracheal, lung, and kidney lesions.

### 2.8.2. Antibody response measured by an enzyme-linked immunosorbent assay (ELISA) {#s0080}

45 1-day-old SPF chickens were divided into three groups (n = 15 per group). After vaccinating with the rH120 and rH120-S1/YZ strains at a dose of 10^4^ EID~50~/200 μL, the sera of 10 birds from each group were randomly collected and antibodies were tested using an ELISA created in our lab at 7, 14, 21, and 28 days post-vaccination (dpv). ELISA plates were coated with antigen of culture supernatants of inactivated IBV rMJ , a vero cells adaption strain domesticated from its parental strain of IBYZ in our lab. Individual chicken sera collected from different groups diluted to 1:200 were loaded and the plates were incubated at 37 °C for 60 min. IBV-specific IgG was detected with anti-chicken IgY (IgG) (whole molecule)-peroxidase antibodies produced in rabbits (Sigma-Aldrich, Germany). After incubated with 3,3′,5,5′-Tetramethylbenzidine(TMB) substrate for 15 min and terminated with 2 mol/L H~2~SO~4~ solution, the absorbance at 490 nm was measured using a Model 680 microplate reader (Bio-Rad, USA).

2.9. Statistical analysis {#s0085}
-------------------------

GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA, USA) was used for the statistical analyses. For the antibody test, growth kinetics, tissue tropism, and viral shedding test, the collected data were analyzed using a two-way ANOVA to determine whether there was a significant difference between the different groups. The significance was considered as follows: significant at P ≤ 0.05 (\*); highly significant at P ≤ 0.01 (^\*\*^); and extremely significant at P ≤ 0.001 (^\*\*\*^).

3. Results {#s0090}
==========

3.1. Characterization of the rH120-S1/YZ strain {#s0095}
-----------------------------------------------

After being inoculated with the recombinant strains, typical IB lesions in the chick embryos from each group were observed, including amniotic membrane thickening, dwarfing, stunted growth, curling, or death of the embryo ([Fig. 2](#f0010){ref-type="fig"} A). The EID~50~ of the virus was calculated according to the Reed-Muench method. The titers of the rH120, rIBYZ, and rH120-S1/YZ strains were determined to be 10^7.3^ EID~50~/mL, 10^6.8^ EID~50~/mL, and 10^8.4^ EID~50~/mL, respectively ([Fig. 2](#f0010){ref-type="fig"}B).Fig. 2The biological characteristics of the rIBVs in SPF chicken embryos. (A) Pathogenicity of recombinant IBVs in infected chick embryos. Five 10-old-day embryonated SPF chicken eggs per group were inoculated with 0.2 mL virus diluent of rH120, rIBYZ, or rH120-S1/YZ. Chick embryo lesions were observed at 144 h post-inoculation at 37 °C. (B) EID~50~ of the recombinant IBVs, rH120, rIBYZ, and rH120-S1/YZ in SPF chicken embryonated eggs. (C) The multicycle growth kinetics of the recombinant IBVs, rH120, rIBYZ, and rH120-S1/YZ in SPF chicken embryonated eggs. All data are presented as the mean ± standard deviation (SD). Some of the error bars are too small to be seen. The qRT-PCR was carried out with three replicates. Markers of statistical difference were acquired by comparing between rH120 group and rH120-S1/YZ group. ^\*\*\*^Indicates an extremely significant difference at P ≤ 0.001; ^\*\*^Indicates a highly significant difference at 0.001 \< P ≤ 0.01; \*Indicates a significant difference at 0.01 \< P ≤ 0.05.

The growth kinetics of the rIBVs were assessed by inoculation with 10^7^ copies of virus per egg in 6 eggs from each group. The relative viral load was determined at 12, 18, 24, 36, 48, 72, and 96 h post-inoculation by quantitative real-time RT-PCR. The growth curves of all three strains reached a relatively stable plateau at 36--48 h after infection; the level of viral RNA for the rH120-S1/YZ strain was significantly higher than that of the rIBYZ strain for the majority of the time points ([Fig. 2](#f0010){ref-type="fig"}C).

3.2. Safety {#s0100}
-----------

### 3.2.1. Pathogenicity of the recombinants in one-day-old SPF chickens {#s0105}

The earliest death was observed at 3 dpi in the QX-like strain rIBYZ group, which virus was highly pathogenic to one-day-old SPF chickens; the final mortality of this group was 63.3% ([Fig. 3](#f0015){ref-type="fig"} A). The morbidity of the infected chickens in the rIBYZ group reached higher than 80%, and the diseased chickens exhibited respiratory symptoms (e.g., sneezing, coughing, as well as tracheal and bronchiolar rales), and the severe cases presented with additional signs of listlessness, huddling, and ruffled feathers. At necropsy, lesions were detected both in the respiratory and urinary system, including mucus, hyperemia, and hemorrhage in the trachea, as well as swelling and urate deposition in the kidney. Edema and congestion were observed in the [lungs]{.ul} in 20% of cases ([Fig. 3](#f0015){ref-type="fig"}B). However, following inoculation with the rH120 or rH120-S1/YZ strains, the morbidity rates of the chickens was less than 20%, with moderate respiratory signs of coughing in some of the chickens. All of the infected chickens presented no visible lesions in the kidney and the survival rate was 100% through 14 dpi in both the rH120 and rH120-S1/YZ groups ([Fig. 3](#f0015){ref-type="fig"}A and B). No obvious clinical signs, gross lesions, or death attributable to IBV was observed in the control group.Fig. 3Pathogenicity of the rIBV rH120, rIBYZ, and rH120-S1/YZ strains. (A) Percent survival of SPF chickens infected at 1-day-of age during the 14-day observation period. No mortality was observed in rH120, rH120-S1/YZ, or the control groups. (B) Gross lesions on the lungs and kidneys of the infected chickens at 5 or 7 dpi.

### 3.2.2. Tissue pathology {#s0110}

For the chickens inoculated with the QX-like strain rIBYZ, lesions in the trachea at 5 dpi were characterized as cilia necrosis and loss, epithelial cell congestion, hemorrhage, and lymphoid infiltration ([Fig. 4](#f0020){ref-type="fig"} C). In the bronchial and capillary lumen of rIBYZ-infected lungs, congestion, hemorrhage, as well as erythrocyte and inflammatory cell infiltration was observed in some severe cases from 7 to 10 dpi ([Fig. 4](#f0020){ref-type="fig"}G). Moreover, erythrocyte and lymphocyte infiltration, as well as tubular dilation was observed in the kidney of rIBYZ-inoculated chickens ([Fig. 4](#f0020){ref-type="fig"}K). Similar to the rH120 group, chickens inoculated with rH120-S1/YZ presented with mild pathology in the trachea at the early infection time points of 3, 5 dpi. Lesions in the trachea consisted of the loss of epithelial cells and cilia, decreased number of secretory cells, and thickening of the mucosa ([Fig. 4](#f0020){ref-type="fig"}B and D). In contrast, there were no lesions observed in the lungs and kidneys of rH120 and rH120-S1/YZ-infected chickens during the infection period (Fig. F, H, J, and L). No histopathological evidence of damage was detected in the bursa of all the groups and no IBV-associated lesions were found in the tissue samples of the control chickens ([Fig. 4](#f0020){ref-type="fig"}A, E, I, M--P).Fig. 4Histopathological changes in the trachea, lungs, kidneys, and bursa of SPF chickens infected with the recombinant rH120, rIBYZ, and rH120-S1/YZ strains at 1-day-of-age. Black arrows in the trachea indicate cilia and necrosis loss. Black arrows in the lungs indicate congestion and hemorrhage. Trachea samples were collected at 3, 5 dpi (A--D); lung and bursa samples were collected at 7, 10 dpi (E--H; M--P); and kidney samples were collected at 5, 7 dpi (I--L). Black arrows in kidneys indicate tubular dilation, congestion, and inflammation. Scale bar = 100 μm or 200 μm.

### 3.2.3. Growth in tracheal, lung, and kidney tissues {#s0115}

The time-dependent levels of viral replication in the different tissues determined by real-time RT-PCR presented in [Fig. 5](#f0025){ref-type="fig"} are consistent with the tissue histopathology results. Compared to rH120 and rH120-S1/YZ groups, one day after inoculation with the QX-like strain, rIBYZ, the viral load in all organs began to rise rapidly, except at 5 dpi in the trachea. The viral load in tracheal samples in the rH120-S1/YZ group increased and peaked at 5 dpi. The level of viral RNA was significantly lower than the rH120 group both at 1 dpi and 7 dpi ([Fig. 5](#f0025){ref-type="fig"}A). The viral load in lung samples from all infection groups increased starting at 3 dpi, and the viral RNA in the lungs of the rH120-S1/YZ group was significantly lower compared with both the rH120 and rIBYZ groups ([Fig. 5](#f0025){ref-type="fig"}B). The viral load in the kidney of all IBV-inoculated groups was detected at 1 dpi. In contrast to the rH120 and rH120-S1/YZ groups, the viral growth in kidney of rIBYZ-infected chickens exhibited an extremely significant increase at 3 dpi and peaked at 5 dpi. The viral RNA copies of the rH120-S1/YZ group peaked at 1 dpi, after which they gradually decreased ([Fig. 5](#f0025){ref-type="fig"}C). No viral load was detected in the control samples at any of the time points.Fig. 5Viral load in the different organs at 1, 3, 5, and 7 dpi of SPF chickens infected with the recombinant strains rH120, rIBYZ, and rH120-S1/YZ at 1-day-of age. The bars indicate means ± standard deviations. ^\*\*\*^Indicates an extremely significant difference at P ≤ 0.001; ^\*\*^Indicates a highly significant difference at 0.001 \< P ≤ 0.01; \*Indicates a significant difference at 0.01 \< P ≤ 0.05.

### 3.2.4. Viral load in the oral and cloacal swabs {#s0120}

In all IBV infection groups, the viral load in both the oral and cloacal swabs generally showed a gradual decline from 7 dpi to 26 dpi. Compared with the rH120 group, The reduction in viral load between 14 or 18 dpi was significantly greater for chickens infected with rH120-S1/YZ than for chickens infected with rH120, and the viral RNA of the QX-like strain rIBYZ was lower than that of the rH120 group at 7, 14, and 18 dpi but with no statistically significance ([Fig. 6](#f0030){ref-type="fig"} A). In contrast, the viral load in the cloacal swab of the rIBYZ group was significantly higher than that of the rH120 and rH120-S1/YZ groups at 7 dpi. Compared with other groups, the viral RNA in the cloacal swab of the rH120-S1/YZ group was significantly lower at 7, 14, and 22 dpi ([Fig. 6](#f0030){ref-type="fig"}B). No virus was detected in the control group at any time point.Fig. 6Viral loads at 7, 14, 18, 22, and 26 dpi in the oral and cloacal swabs of chickens infected with the recombinant rH120, rIBYZ, and rH120-S1/YZ strains. All data are presented as the mean ± standard error of the mean (SEM); ^\*\*\*^Indicates an extremely significant difference at P ≤ 0.001; ^\*\*^Indicates a highly significant difference at 0.001 \< P ≤ 0.01; \*Indicates significant difference at 0.01 \< P ≤ 0.05.

3.3. Vaccine efficacy {#s0125}
---------------------

### 3.3.1. Efficacy of the different vaccines against QX-like IBV challenge in SPF chickens {#s0130}

The rH120-S1/YZ group exhibited effective protection against challenge with the QX-like strain rIBYZ. The mortality rate in the rH120-S1/YZ group was 0%, and no clinical signs or lesions were observed during the rIBYZ challenge period ([Fig. 7](#f0035){ref-type="fig"} A). In contrast, chickens vaccinated with the rH120 strain began to exhibit clinical signs (e.g., coughing and nasal discharge) at 3 days post-challenge (dpc), and some chickens showed severe signs of listlessness, huddling, and ruffled feathers, with the mortality rate reaching 50% during the observation period. At necropsy, the dead animals displayed typical kidney lesions characterized by swelling and urate deposition in the tubules and ureters. In contrast to chickens vaccinated with rH120-S1/YZ, the chickens in the unvaccinated control group exhibited clinical signs at 3 dpc, and a 60% mortality rate; the gross lesions of the dead birds in this group were similar to that of the rH120 group ([Fig. 7](#f0035){ref-type="fig"}B).Fig. 7Efficacy of the rH120 and rH120-S1/YZ vaccines. (A) Percent survival of the vaccinated chickens challenged with the QX-like IBV rIBYZ strain during the 14-day observation period. No mortality was observed in the chickens vaccinated with the rH120-S1/YZ strain. (B) Gross lesions observed on the kidneys of the vaccinated chickens challenged with the rIBYZ strain at 5 or 7 dpc. (C) The mean antibody OD value at 7, 14, 21, and 28 dpv. All data are presented as the mean ± standard error of the mean (SEM).

### 3.3.2. Antibody response {#s0135}

Antibodies against the IBVs were measured using an ELISA ([Fig. 7](#f0035){ref-type="fig"}C). None of the birds in the rH120 or rH120-S1/YZ groups showed a positive antibody response at 7 dpv, whereas 100% of the birds had an antibody response detectable at 14 dpv, with the antibody level gradually increasing during the observation period. However, there was no significant difference in the level of serum antibodies between rH120-vaccinated chickens and rH120-S1/YZ-vaccinated chickens. No positive serum antibody response was detected in the non-vaccinated controls.

4. Discussion {#s0140}
=============

Vaccines, particularly live-attenuated vaccines, remain the most effective means of protection against IBV challenge (e.g., the Mass serotype strains H120, H52, Ma5, and W93, which are still widely used in the poultry industry) [@b0190], [@b0195], [@b0200]. However, due to the poor cross-protection provided between the different serotypes, these attenuated serotype-specific vaccines cannot provide complete protection, and the IB endemic in China cannot be controlled [@b0110]. Genetic mutations and immune pressure during the replication process of the single stranded RNA virus often results in the emergence of IBV variants [@b0205], [@b0210]. To date, at least six genotypes of IBV strains have been identified in China, of which the QX-type (first isolated in 1999) remains the most prevalent genotype [@b0050], [@b0210], [@b0215]. The poor relationship between the QX-type strains, which are abundant and display variable virulence in various parts of China, and the Mass-type vaccine strains could explain the failure of the Mass-type vaccination programs to control IBV in these flocks [@b0095], [@b0195]. Consequently, the development of novel vaccines against circulating IBV strains in China using local IBV strains is required [@b0100], [@b0215], [@b0220].

Optimal vaccination against circulating IBV strains in China requires the development of attenuated vaccines designed from local strains [@b0100], [@b0105], [@b0110], [@b0225]. However, due to the particularity of RNA virus replication, attenuated vaccine strains generated by continuous passage remain associated with the risk of reversion to virulence or potential recombination between vaccine strains and virulent field strains [@b0135], [@b0230], [@b0235], which represents a substantial hidden concern to the poultry industry. To reduce the problems associated with vaccine reversion, researchers have explored the option of creating vaccine viruses using reverse genetic technology (e.g., Beaudette strains carrying the S1 gene of the H120 vaccine strain, virulent M41 strain, or QX-like strain) [@b0150], [@b0240]. However, the titer of the Beaudette strains carrying the S1 gene of the vaccine H120 strain only reaches 10^6.13^ ± 0.23 EID~50~ [@b0245], which is lower than that of the H120 backbone strain. Therefore, we aimed to develop a recombinant rH120-S1/YZ strain based on the H120 vaccine strain that carries the S1 gene of the ck/CH/IBYZ/2011 strain (a Chinese QX-like nephoropathogenic strain) using reverse genetic technology [@b0175], [@b0180].

In the present study, we isolated a nephoropathogenic strain (IBYZ) in 2011. This strain was isolated, identified, and preserved from a large-scale chicken farm where an outbreak of IBV emerged in Jiangsu province. Chickens infected with the IBYZ strain showed severe kidney damage and a high mortality rate ([Fig. 3](#f0015){ref-type="fig"}B). The complete sequence has been deposited in the GenBank database under the accession number of KF663561. The S1 gene sequencing data indicated that the IBYZ strain belonged to the QX-like genotype ([Fig. 8](#f0040){ref-type="fig"} ), with a nucleotide homology with the attenuated vaccine H120 strain of only 77.4%, and amino acid homology of 77.1%. Moreover, the S1/S2 cleavage site of IBYZ is HRRRR/S, which differed from RRFRR/S of the H120 vaccine strain. After whole-genome sequencing, we constructed a molecular clone strain using reverse genetic technology, termed rIBYZ. In addition, another strain used in this study is the live attenuated IBV vaccine, H120, and the molecular clone strain, rH120, which was constructed using the same method.Fig. 8Phylogenetic tree constructed based on the S1 gene of isolate ck/CH/IBYZ/2011 and 28 published IBV reference strains using the neighbor-joining method (Mega10.1.6).

The spike protein is the coronavirus structural proteins, which plays an important role on pathogenicity in coronaviruses [@b0030], [@b0250]. However, replacing the S gene of Beaudette strain by the virulent strains does not make it virulent [@b0255], [@b0260]. The S protein can be cleaved into S1 and S2 subunits at the S1/S2 cleavage site [@b0265], the S1 subunit is responsible for receptor binding to the host cells [@b0270]. Whether the S1 gene has an effect on the virulence of the virus is unknown. In this study, the recombinant strain, rH120-S1/YZ, expressed the S1 gene of the QX-like strain, which retains the S1/S2 cleavage site of H120, maintained the ability to replicate and exhibited pathogenicity in embryos. However, providing IBYZ S1 sequences to H120 did not increase its virulence to that of rIBYZ. IBVs replicate in many epithelial cells, including respiratory tissues, the alimentary canal, kidney, gonads, and bursa [@b0010], [@b0030]. The QX-like rIBYZ strain is capable of considerable growth in the trachea, lung, and kidney, which leads to severe tissue damage. In addition, this strain caused cilia necrosis and loss, lung congestion and hemorrhage, nephritis, as well as inflammatory cell infiltration in these tissues in infected chickens at different time points post-infection. The ability of IBV to replicate within many respiratory, enteric, and other epithelial surfaces may be partially related to the fact that the attachment of IBV to host cells is dependent on sialic acid on the cell surface being recognized by the S1 subunit [@b0030], [@b0270], [@b0275]. However, the binding of virus to the host cell is the first step in determining tropism and S2 is responsible for membrane fusion [@b0280]. Thus, to further explore the different tissue tropism between rH120-S1/YZ and rIBYZ, we examined the viral loads and histopathology in the tissues of the rH120-S1/YZ-infected group. It was found that rH120-S1/YZ remains moderately pathogenic in the trachea (e.g., some cilia necrosis and loss and decreased secretory cells) but no lesions were observed in the lungs and kidneys of infected chickens, in contrast to chickens infected with the rIBYZ strain. This finding suggests that both the S2 and S1 genes might play an important role in viral tissue tropism as also suggested by others [@b0285]. Another possibility is that the lack of viral replication and damage in kidney following rH120-S1/YZ is due to lower replication ability of backbone except S2 gene from its parental rH120 strain. The viral load of the respiratory-type strain, rH120 in the different tissues indicated that the viral levels in the trachea, early following infection were significantly higher than those of rIBYZ, which indicates that the ability of the virus to attached to trachea epithelial cells of the rH120 strain was stronger than that of the rIBYZ strain. However, during the later time points post-infection, the level of the rH120 strain was significantly lower than rIBYZ, which suggests that the virulence of IBV depends both on tissue invasion and viral replication ability, as well as other functions mediated by other viral proteins (e.g., non-structural, structural, and accessory proteins) [@b0030], [@b0145], [@b0290], [@b0295], [@b0300]. The reduction of the viral load at 5 dpi in the group infected with the rIBYZ strain may be associated with the necrosis and shedding of the trachea epithelium. Moreover, the ability to replication in the different organs of chickens infected with rH120-S1/YZ as reflected by viral loads at multiple time points was lower than that exhibited in the chickens infected with the rIBYZ strain, which demonstrated that the S1 subunit was not the only determinant of viral tropism that was consistent with results by others [@b0285], [@b0305], [@b0310], and the significant difference in viral load was related to differences in the viral backbone. However, when comparing the rH120-S1/YZ and rH120 strains which carry the same backbone, it was found that the viral RNA of rH120-S1/YZ in the lungs and kidneys was significantly lower than that of rH120, which may due to the replacement of the IBYZ S1 gene in the recombinant virus, whose structure on the surface contains some degree of changes, which we speculated that may affects the functionality of the S protein of coronaviruses. Although cryo-EM structure of IBV spike protein has been determined, the relation between structure and function of different IBV S1 genes is unknown. [@b0315]. In addition to the growth in epithelial tissues observed during the early infection period, IBV can establish long-term persistent infections in chicken flocks via oral and cloacal shedding, which represents a substantial challenge to IBV control [@b0005], [@b0030]. In this study, we detected viral RNA in the oral and cloacal swabs isolated from infected chickens at 7, 14, 18, 22, and 26 dpi by real-time PCR. Compared with rH120 and rIBYZ, the viral load in both the oral and cloacal swabs of the rH120-S1/YZ group at different time points after infection was significantly decreased. However, while it has been reported that the persistent virus will be re-excreted at the point of lay [@b0005], the persistence of rH120-S1/YZ strain in the egg-laying chickens needs to be further verified. In a word, due to its low virulence i presented in virus loading and lesion in different tissue, oral and cloacal shedding of host animals, rH120-S1/YZ can be considered a safe attenuated vaccine candidate for young chickens.

In addition to its role in tissue tropism, the S1 glycoprotein also has an important function in inducing a neutralizing antibody response [@b0320], [@b0325], and small differences in the S1 contribute to poor cross protectionby neutralization test [@b0320], [@b0330]. To evaluate the protective efficacy of this candidate vaccine, we selected the QX-like virulent rIBYZ strain to infect chickens at 14 dpv that were vaccinated with either the rH120-S1/YZ strain or rH120 strain. We found that little protection against rIBYZ virulent strain challenge in the rH120 vaccinated group was induced, with a 50% survival rate and severe clinical symptoms associated with IB. This finding could be explained by differences in the antigenicity between rH120 and rIBYZ. No death, clinical signs, or lesions were observed in the rH120-S1/YZ-vaccinated group, indicating that this strain could provide effective protection against rIBYZ challenge in young chickens. Since high humoral antibody titers can contribute to reduced viral replication in various organs and disease recovery [@b0335], [@b0340], the level of specific IgG antibodies remains an important standard for evaluating the immune response to an IBV vaccine. In the present study, the humoral antibody level of chickens vaccinated with the rH120-S1/YZ strain was observed to gradually increase compared to the non-vaccinated group. However, although the rH120 strain was able to induce similar levels of humoral antibodies, it provided poor protection against rIBYZ, suggesting that protection against IBV infection is not only with humoral immunity, but also with both mucosal immunity combined with the local tracheal and cellular immune response [@b0345], [@b0350], [@b0355], [@b0360]. Thus, the detection of mucosal and cellular immunity in rH120-S1/YZ-vaccinated animals requires further exploration. Nevertheless, some studies have shown that a peptide located near the amino terminal end of S2 can be recognized by neutralizing monoclonal antibodies [@b0365], and the S2 domain also plays an important role in inducing protective immunity [@b0140], [@b0305], [@b0370]. Because the S2 domain plays an important role in cell tropism [@b0285], we also considered that expressing the S1 subunit would provide greater safety than the entire S gene, which could lead to further destruction in some organs of the vaccinated chickens; however, further experiments are required.

5. Conclusion {#s0145}
=============

In conclusion, we constructed the recombinant strain, rH120-S1/YZ, which was based on the backbone of the H120 vaccine strain, and replaced the S1 gene with that of the QX-like nephropathogenic strain, ck/CH/IBYZ/2011, isolated from China using the reverse genetic system. The safety results showed that this recombinant strain was not lethal to one-day-old chicks and it had not gained the ability to tissue invasion or replication in the kidneys and lungs of infected animals. Moreover, the viral load of the chickens was significantly decreased compared with the rH120 and rIBYZ strains. Furthermore, rH120-S1/YZ was found to provide effective protection against challenge with the QX-like nephropathogenic strain in young chickens. The level of antibody production in the serum of the vaccinated chickens detected by ELISA continued to increase after 7 dpi. Thus, rH120-S1/YZ may be considered a potential live vaccine candidate for protection against Chinese QX-like nephropathogenic IBV infection.
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